• The renal resistive index (RRI) reflects intrarenal perfusion and is an important indicator of systemic hemodynamic changes. There is a need for predictors of increased RRI in hypertensive patients. Aortic arch calcification (AAC) is a direct indicator of arterial stiffness and hypertensive vascular damage and is evaluated by chest X-ray. AAC may thus prove to be a suitable predictor of RRI.
Introduction
Hypertension is one of the most common cardiovascular risk factors. The diagnosis and treatment of hypertension-related end-organ damage together with regulation of blood pressure can help decrease cardiovascular mortality [1] . While the kidneys regulate blood pressure, they are also affected by any impairment in regulation of This is an Open Access article licensed under the Creative Commons Attribution-NonCommercial-4.0 International License (CC BY-NC) (http://www.karger.com/Services/OpenAccessLicense), applicable to the online version of the article only. Usage and distribution for commercial purposes requires written permission.
DOI: 10.1159/000495786 blood pressure. Hypertension-related nephropathy is caused by a progressive loss of nephrons due to impaired regulation of blood pressure. Hypertensive nephropathy increases cardiovascular mortality, further impairing blood pressure regulation [2] . In clinical practice, one of the most accurate indicators of hypertensive nephropathy as detected by glomerular filtration rate (GFR) and microalbuminuria is renal resistive index (RRI) [3] . RRI is a calculation employed for evaluating various clinical conditions such as chronic renal allograft rejection, detection and treatment of renal artery stenosis, progression of chronic renal disease, and acute and chronic obstructive renal disease, and at the same time it reflects intrarenal perfusion changes as well [4] . RRI reflects intrarenal perfusion and is an important indicator of systemic hemodynamic changes. Therefore, it has a prognostic value in hypertensive patients [5] . Predictors of increased RRI are needed in hypertensive patients to find out the degree of renal impairment.
Aortic arch calcification (AAC) is caused by the progression of endothelial damage as well as inflammation and calcification in the aortic arch resulting from high blood pressure [6, 7] . Just like RRI, AAC is an important indicator of increased blood pressure burden and increased arterial stiffness [8, 9] . AAC can easily be detected during routine chest radiography, which is a simple, inexpensive, and a widely available tool. Currently, no reports are available on the use of AAC for the prediction of RRI. The present study was therefore designed to investigate the relationship between AAC and RRI.
Methods
Patients with hypertension who reported to the Karabük University Hospital between January 2016 and January 2017 underwent a standard chest X-ray and renal Doppler ultrasonography. Two other physicians, who were not informed about the results of RRI, evaluated AAC using chest X-ray. The patients were divided into two groups according to RRI. Group 1 comprised patients with RRI ≥0.70 and group 2 patients with RRI < 0.70. Patients with a history of cardiac surgery, moderate to severe valvular heart disease, atrial fibrillation, renal artery stenosis, nephrostomy, malignancy, acute/chronic infective and inflammatory disease, and pregnant patients were excluded from the study. The following formula was used for calculating the sample size:
where Z = standard normal variate at 5% type 1 error (p < 0.05; 1.96 was used in the formula), p = expected proportion in a population based on previous studies or pilot studies, and d = absolute error or precision (must be decided by the researcher).
According to the study by Berni et al. [10] , the proportion of patients having RRI ≥0.70 was found to be about 25%. <precision/ absolute error was kept at 5% and type 1 error was kept at 5%. Accordingly, applying these values in the formula above: All patients were examined for cardiovascular risk factors. Patients who had previously received oral antidiabetic and/or insulin therapy or those in whom fasting blood glucose was ≥126 mg/dL on at least two occasions were considered diabetic. Patients who had previously received antihypertensive treatment or who had blood pressure ≥130/80 mm Hg on at least two occasions were identified as hypertensive. Pulse pressure was calculated as the difference between peak systolic and diastolic blood pressure. Patients with total cholesterol > 200 mg/dL or low-density lipoprotein cholesterol > 100 mg/dL or those who had received lipid-lowering medications in the past were considered to be hyperlipidemic [11] . Chronic kidney disease (CKD) was defined as either kidney damage or a decreased GFR of < 60 mL/min/1.73 m 2 for at least 3 months. Albuminuria as a marker of kidney damage was defined as a urinary albumin excretion rate ≥30 mg/24 h [12] . We calculated the estimated GFR using the Chronic Kidney Disease Epidemiology Collaboration equation [13] . Active smokers or those who had quit smoking within the last 1 month were considered to be smokers. Body mass index was calculated by dividing the weight (kg) by the square of height (m 2 ) [14] . Body surface area was calculated as the square root of the product of the weight (kg) and height (cm) divided by 3,600 [15] . All patients underwent 12-lead electrocardiography and transthoracic echocardiography. RRI was measured using renal Doppler ultrasonography by a radiologist who was blinded to patient information. Routine biochemical tests were performed in the patients after 12 h of fasting.
Evaluation of AAC
A standard (posterior-anterior) chest radiograph (40 × 40 cm; Curix HT 1.000G Plus, Agfa, Mortsel, Belgium) was acquired with the patients standing up (Thoramat, Siemens, Erlangen, Germany). The focus-patient distance was set at 150 cm. An automated exposure control having a fixed tube voltage of 117 kV was used. AAC was graded as follows: grade 0, no visible calcification; grade I, small spots of calcification or thin calcification on the aortic knob; grade II, one or more areas of thickened calcification; and grade III, circular calcification on the aortic knob [11] (Fig. 1) . Two examiners, who were blinded to the findings of RRI, reviewed AAC on the chest radiograph. One hundred chest radiographs, randomly selected for the evaluation of AAC, were assessed independently by two cardiologists to assess the reliability of AAC diagnosis. The kappa value was detected to be 0.781 and p to be < 0.001.
Measurement of RRI
All examinations were performed by a single radiologist using the same device (50-Hz wall filter and 2-to 5-MHz convex transducer) (Toshiba, Nemio 35 [SSA-550A], Japan Care Co., Ltd., Japan) after 6 h of fasting and 20 min of resting. Color Doppler ultrasonography was used to measure RRI values in the intrarenal segmental arteries. During the examination, spectra were obtained from the level of the arcuate (corticomedullary junction) or interlobar arteries (adjacent to the medullary pyramids) using a 2-to 4-mm Doppler window. All measurements were performed using Doppler held at an angle of 30 and 60° to the vessel lumen. Waveforms were obtained using the lowest pulse repetition frequency that would not generate artifacts. The lowest filter and highest gain controls which would not generate background noise were employed. In the subjects of the present study, the RRI values for the fused part were determined using both the kidneys in the midline. Three RRI values were measured and averaged for both kidneys. The formula used to calculate RRI is as follows: (systolic peak velocity -diastolic peak velocity) / systolic peak velocity [16] . Thirty patients were randomly selected for evaluation of intraobserver variability; the same measurement was repeated after 1 h in a blinded fashion. The RRI values showed excellent reproducibility with an intraobserver intraclass coefficient of 0.937 and a 95% confidence interval of 0.872-0.969.
Laboratory Measurements
Venous blood samples were obtained from all participants on admission. Creatinine, blood urea nitrogen, glucose, total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, potassium, sodium, albumin, calcium, phosphate, aspartate aminotransferase, and alanine aminotransferase were quantified using standard techniques. Twenty-four-hour urine albumin concentration was measured by an immunoturbidimetric method. For women, urine collection was repeated if the patient was menstruating. Routine blood chemistry and lipid parameters were measured with a Siemens Advia 1800 analyzer.
Echocardiographic Examination
All patients were examined using a commercially available system (Vivid 4; GE Medical Systems, Horten, Norway) with a phased-array 3.5-MHz transducer. The conventional M-mode, Bmode, and Doppler parameters were measured according to the guidelines of the American Society of Echocardiography. Left ventricular (LV) end-diastolic and end-systolic diameters as well as posterior and septal wall thickness were measured. LV mass was calculated using the Devereux equation: LV mass = 0.8 × [1.04 (LVEDD + IVST +PWT) 3 -(LVEDD 3 )] + 0.6 g, where LVEDD is LV end-diastolic diameter, IVST is interventricular septal wall thickness, and PWT is posterior wall thickness. LV mass index was calculated by dividing LV mass by body surface area. LV hypertrophy was defined as LV mass index > 115 g/m 2 for males and > 95 g/ m 2 for females [12] .
Statistical Analyses
The Number Cruncher Statistical System (NCSS) 2007 (Kaysville, UT, USA) program was used for the statistical analysis of the data. Descriptive statistical methods (mean, standard deviation, median, frequency, ratio, minimum, and maximum) were used for the evaluation of study data, where Student's t test was employed for the comparison of quantitative data in two-group comparisons of normally distributed values and Mann-Whitney U test was used for parameters with non-normal distribution. Pearson's and Spearman's correlation analysis were used to evaluate the intervariable relationships. Linear regression analysis was used to examine the risk factors affecting RRI. Pearson's χ 2 test was used for the comparison of qualitative data. Significance was considered at a p value < 0.05.
Results
The study included 289 patients with hypertension (67.1% [n = 194] females, 32.9% [n = 95] males, mean age 63.87 ± 11.38 years). Right RRI was found to range from 0.53 to 0.89, with a mean of 0.71 ± 0.07, while left RRI ranged from 0.55 to 0.89, with a mean of 0.71 ± 0.07. RRI was observed to be < 0.70 in 46.4% (n = 134) of the patients and ≥0.70 in 53.6% (n = 155) of the patients. A statistically significant difference was found between the RRI groups in terms of mean age, with the mean age of the group with RRI ≥70 being higher than that in the group having RRI < 70 (67.71 ± 10.13 vs. 59.43 ± 11.15, respectively, p = 0.001). LV hypertrophy (p = 0.001) and acetylsalicylic acid use (p = 0.035) were observed to be higher in the group with RRI ≥70 (Table 1) . AAC was not de- RRI showed a negative correlation between GFR (r = -0.267; p < 0.01), serum albumin level (r = -0.189; p < 0.01), body surface area (r = -0.120; p < 0.05), and LV ejection fraction (r = -0.188; p < 0.01), which was statistically significant. On the other hand, a positive correlation was found between urea (r = 0.242; p < 0.01), serum potassium level (r = 0.140; p < 0.05), albuminuria (r = 0.187; p < 0.05), LV end-diastolic diameter (r = 0.207; p < 0.01), LV endsystolic diameter (r = 0.227; p < 0.01), left atrium diameter (r = 0.126; p < 0.05), interventricular septal thickness (r = 0.215; p < 0.01), posterior wall thickness (r = 0.136; p < 0.05), LV mass index (r = 0.320; p < 0.01), pulse pressure (r = 0.211; p < 0.05), and systolic blood pressure (r = 0.146; p < 0.05), which was statistically significant (Table 3) . Linear Regression Analysis Presence of AAC, pulse pressure, albuminuria, age, GFR, serum albumin level, LV ejection fraction, left atrium diameter, serum potassium level, A velocity, LV mass index, body surface area, normal geometry, concentric hypertrophy, eccentric hypertrophy, and acetylsalicylic acid use were analyzed by linear regression analysis.
A multiple linear regression analysis was carried out to test whether presence of AAC significantly predicted RRI. The results of the regression indicated that the model explained 39.2% of the variance and that the model was a significant predictor of RRI (F (16,72) = 10.964; p < 0.001). It was found that presence of AAC significantly predicted RRI (β = 0.053; p < 0.001) ( Table 4) .
Discussion
This study establishes a strong and independent relationship between AAC, as evaluated by chest X-ray, and RRI, an indicator of the intrarenal hemodynamic parameter.
Hypertension causes remodeling, endothelial dysfunction, fibrosis, and calcification, leading to significant vascular changes. Vascular calcification is one of the most important indicators of hypertension-related vascular damage. Inflammation, oxidative stress, advanced age, and renin-angiotensin system are important factors involved in the development of vascular calcification [17] [18] [19] . Angiotensin 2, the substrate of the renin-angiotensin system, plays an active role in the growth and differentiation of vascular smooth muscle cells [18] . Vascular smooth muscle cells are composed of mesenchymal cells such as osteoblasts. Influenced by various environmental factors, vascular smooth muscle cells get converted into an osteoblast phenotype and produce calcium. Thus, vascular calcification begins with the production of calcium in the intima or media [20] . AAC is the prototype of vascular calcification. The most significant pathophysiological justification for the relationship between AAC and RRI is that the formation of AAC results in decreased vascular compliance and increased arterial stiffness [8] . Increased arterial stiffness reduces compliance. Arterial compliance is a major characteristic of the pulsatile component of blood pressure. The elastic wall of the aorta stretches during systole and recoils during diastole. Thus, peripheral blood flow, especially renal blood flow, is ensured. Increased aortic stiffness decreases aortic compliance, leading to decreased renal blood flow [21] . A decrease in the renal blood flow leads to an increase in RRI.
Vascular calcification is a systemic entity that effects the whole vascular bed. In another study, a strong and independent correlation was found between coronary artery calcification and AAC [22] . In addition, a strong correlation was reported between AAC and renal artery calcification, which is an important indicator of renal artery disease [23] . Renal artery calcification has significant effects on renal hemodynamic parameters. According to the authors, another pathophysiological explanation for the correlation between AAC and RRI is that systemic vascular calcification, especially renal artery calcification, impairs renal blood flow, thus increasing RRI. The present study demonstrated an association between AAC and RRI, thus offering more robust evidence for the association between vascular calcification and RRI [24] . The present study also established a correlation between age and increase in RRI. Several reports indicate that a correlation exists between RRI and age. The reason for an increase in RRI with age was suggested to be increased arterial stiffness and decreased vascular compliance with age [25] . Also, a strong reverse correlation between GFR and RRI was found in this study. A few studies showing a correlation between RRI and GFR have been reported in the literature, which are in support of the results of the present study [9] . In the present study, a positive correlation was found between LV dilatation, functions, and RRI. Ratto et al. [26] also reported a correlation between LV dilatation, functions, and RRI. LV hypertrophy (eccentric and concentric hypertrophy) has been established to be an independent predictor of RRI in the present study. Increase in arterial stiffness and blood pressure load may increase RRI and result in the development of LV hypertrophy. Alterini et al. [27] demonstrated a correlation of LV mass index and LV hypertrophy with RRI in hypertensive patients, which is in accordance with the present study.
RRI is the result of an interaction between renal hemodynamic parameters and systemic hemodynamic factors. RRI has been reported to be associated with many renal diseases as well as with important cardiovascular diseases [28] . RRI, which is closely associated with LV systolic and diastolic function, is indicative of progression of renal disease as well as progression of heart failure [28] . Similarly, it is known that RRI is closely related to aortic stiffness and atherosclerosis [29] . Pulse pressure is formed by the interaction of cardiac functions with the vascular structures. A strong association between RRI and pulse pressure has been reported [30] . In concordance with this, in the present study we found a significant association between RRI, pulse pressure, and albuminuria. However, we were not able show a significant association between RRI, E/A, and LV ejection fraction.
Cardiorenal syndrome is an example of the interlinking of cardiac and renal diseases. Cardiovascular morbidity and mortality are increased in this syndrome [31] . The present study also found a correlation between LV dilatation, functions, and RRI, thus supporting the possibility of cardiorenal syndrome. In addition, aortic calcification was found to be an independent and strong predictor of RRI. Also, LV function and hypertrophy are known to be correlated with aortic calcification [32] . It can be speculated that vascular calcification may be involved in the pathogenesis of cardiorenal syndrome, as evaluated by the results of the present study [33] . In addition, it is clear that aortic calcification may be a part of cardiorenal syndrome.
Limitations
The limitations of this study include the small sample size, the study being a single-center study, no demonstra- tion of the pathophysiological relationship between RRI and AAC, and no investigation of end-organ damage resulting from hypertension.
Conclusion
An independent and a strong correlation between AAC and RRI, an indicator of renal hemodynamic parameters, has been established to occur in patients with hypertension. AAC, evaluated by chest X-ray and a commonly used and readily available procedure in clinical practice, may be an indicator of increased RRI.
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